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AbstrAct
Treponema denticola has been identified as an 
important cause of periodontal disease and hypoth-
esized to be involved in extra-oral infections. The 
objective of this study was to investigate the role 
of T. denticola cell length and motility during 
mouse peritoneal macrophages in vitro uptake. 
Macrophages, incubated under aerobic and anaer-
obic conditions, produced a similar amount of 
TNF-α when stimulated with Escherichia coli 
LPS. The uptake of FlgE- and CfpA-deficient 
mutants of T. denticola was significantly increased 
compared with the wild-type strain, due to cell size 
or lack of motility. Opsonization with specific 
antibodies considerably improved the treponemes’ 
uptake. These results suggest that macrophages, in 
addition to other phagocytes, could play an impor-
tant role in the control of T. denticola infection, 
and that the raising of specific antibodies could 
improve the efficacy of the immune response 
toward T. denticola, either at an oral site or during 
dissemination.
KEY WOrDs: treponemes, phagocytosis, innate 
immunity, dissemination, immune response, 
periodontitis.
IntrODuctIOn
chronic periodontitis is an infectious disease characterized by the presence of a large number of inflammatory cells in the extravascular gingival connective 
tissue, which eventually leads to the breakdown of periodontal tissue, bone loss, 
and, finally, tooth loss (Loesche and Grossman, 2001). Treponema denticola is 
an obligate anaerobic oral spirochete frequently involved in the pathogenesis and 
progression of periodontal diseases (Ellen and Galimanas, 2005). This spirochete 
was shown to possess various properties leading to periodontal tissue damage 
(invasiveness associated with motility and the ability to penetrate dense media 
and epithelial cell layers, high proteolytic activity, adherence to epithelial cells, 
and cytotoxicity), as well as factors which may inhibit host cell functions (Lux 
et al., 2001; Sela, 2001; Limberger, 2004; Ellen and Galimanas, 2005).
The possibility that T. denticola can escape from the dental compartment and 
invade different sites of the body has been hypothesized in humans (Riviere et al., 
2002; Cavrini et al., 2005), and has been demonstrated in an oral infection model 
in SCID mice (Foschi et al., 2006). The infiltration of human macrophages into 
infected tissues has been correlated with a rapid decrease in the number of spiro-
chetes in the anatomical site (Cavrini et al., 2005). The capacity to avoid phago-
cytosis by macrophages has been hypothesized to be one of the basic mechanisms 
that allow T. denticola to escape the innate immune response.
The aim of this study was to evaluate the influence of T. denticola motility 
and cell size on uptake by mouse peritoneal macrophages, in vitro. The 
anaerobic culture requirements of the treponemes prompted us to design a 
study to estimate T. denticola phagocytosis by macrophages under aerobic 
and anaerobic conditions. To further assess the relevance of the spirochetes’ 
motility and cell shape during the interaction with phagocytes, we evaluated 
the capacity of murine macrophages to uptake and kill 2 T. denticola mutant 
strains: One strain lacked motility due to a knock-out of the flgE gene, thus 
resulting in a defect of the flagellar system (Ruby et al., 1997); and the second 
was characterized by a filamentation phenotype (extremely long cells) associ-
ated with a lack of intermediate-like cytoplasmic filament, due to a knock-out 
of the cfpA gene (Izard et al., 2001).
MAtErIAls & MEthODs
bacterial cultures
T. denticola strain ATCC 33520 and mutant strains for the cfpA gene (Izard
et al., 2001) and for the flgE gene (Li et al., 1996; Limberger et al., 1999) 
were grown as previously reported (Marangoni et al., 2005).
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Preparation of Macrophages
Peritoneal murine macrophage cells were obtained as described 
previously (Rosen et al., 1999). To ensure the viability of mac-
rophages under aerobic and anaerobic (95% CO2 and 5% N2) 
conditions, we incubated the cells in the presence or in the 
absence of 10 µg/mL of Escherichia coli lipopolysaccharides 
(LPS) (Sigma-Aldrich Chemical Co., St. Louis, MO, USA) in 
RPMI 1640 medium at 37°C. The supernatant from each well 
was withdrawn at defined time intervals (1, 2, 4, 8, and 24 hrs), 
and the concentration of released TNF-α was measured by the 
Mouse TNF-α ELISA kit from Bender Medsystems (Vienna, 
Austria), following the manufacturer’s protocol. Individual 
wells containing macrophages were stained with Trypan blue 
for determination of the number of surviving cells.
Preparation of the Anti-major-surface-protein Antiserum
The major surface protein (MSP) of T. denticola was extracted 
as reported previously (Mathers et al., 1996). Polyclonal rabbit 
antibodies against MSP were obtained by rabbit immunization 
as previously reported (Giacani et al., 2005). The specificity of 
the anti-MSP rabbit antiserum was tested by immunoblotting 
with T. denticola cell lysate and a purified control protein, as 
previously described (Sambri et al., 1999).
Immunofluorescence Assay
The uptake of T. denticola by macrophages was assessed by an 
indirect immunofluorescence assay (IFA) performed with 1:400 
diluted anti-MSP rabbit polyclonal antiserum, as previously 
reported (Sambri et al., 1996). With this method, we were able 
to detect both extracellular boundaries and internalized bacteria. 
Briefly, T. denticola cells (2.5 x 107 cells per well) were incu-
bated with adherent macrophages in a final volume of 1 mL 
(ratio, bacteria/macrophage: 100/1), in RPMI 1640 medium, 
without any antibiotic for 5, 10, 20, 40, and 60 min at 37°C. 
After each incubation period, supernatants were removed, with-
out previous plate centrifugation, and were serially diluted in 
NOS medium. The motile treponemal cells were immediately 
counted under dark-field microscopy. The cells were washed 3 
times with PBS for removal of unbound spirochetes and subse-
quently fixed in cold methanol for 15 min at -20°C. We obtained 
the percentage of anti-MSP positive macrophages by counting 
cells in at least 30 different microscopic fields (400x).
To ensure bacteria viability, we thoroughly rinsed 3 addi-
tional wells for each time-point with PBS as described above 
and scraped off the cells by shaking with glass beads for 4 min. 
The resulting suspension was cultured in NOS medium at 
37°C for up to 14 days, for assessment of the presence of living 
spirochetes.
In selected experiments performed under anaerobic and aero-
bic conditions, T. denticola strains were opsonized before being 
challenged with macrophages. This was done by incubation of 
the treponemes in the presence of heat-inactivated anti-MSP 
rabbit polyclonal antiserum (diluted 1:100) for 1 hr, in their 
cultivation media in anaerobic conditions.
real-time Pcr Assay
The uptake experiments were performed as above, with the fol-
lowing difference: The ratios between bacteria and macrophages 
were 10/1 (2.5 x 105 bacterial cells per well), 50/1, and 100/1. 
DNA of the cellular homogenates of phagocytosis was extracted 
with the NucliSens EasyMag system (bioMérieux, Craponne, 
France) following the manufacturer’s instructions. The real-time 
PCR was carried out with a LightCycler system (Roche 
Diagnostics GmbH, Mannheim, Germany) with SYBR Green I 
dye (Marangoni et al., 2005). The specific primer pairs targeting 
the T. denticola 16S rRNA gene were: DENT1 (5′-TAATA 
CCGAATGTGCTCATTTACAT-3′) and DENT2 (5′-TCAAAGA
AGCATTCCCTCTTCTTCTTA-3′) (Siqueira et al., 2000; Foschi 
et al., 2005). DNA standards for T. denticola quantification were 
assessed by a 10-fold scalar dilution of a T. denticola cell suspen-
sion (109 treponemes/mL) (Marangoni et al., 2005). The sensitiv-
ity of real-time PCR was 103 treponemes/mL.
Data Analysis
Means and standard deviation (SD) were calculated for group 
comparisons within and among experiments. Analysis of vari-
ance and Student’s t test were performed with GraphPad 4.0 
software.
rEsults
uptake and Killing of T. denticola
To validate our approach, we incubated the macrophages in an 
aerobic atmosphere or under anaerobic conditions. There was no 
significant difference in the release of TNF-α following the 
stimulus of macrophages with LPS in either condition (Fig. 1). 
Trypan blue staining of the cells incubated for up to 2 hrs under 
each condition demonstrated that at least 95% of cells were 
viable in all the experiments. After 1 hr of incubation, the trepo-
nemal motility ratio (motile/total motile + non-motile) was over 
97% for experiments performed under anaerobic conditions, 
whereas incubation in the presence of normal atmosphere 
reduced the percentage of motile treponemes to 23%, as 
observed by dark-field microscopy (Fig. 2). The use of macro-
phages incubated in anaerobic conditions allowed for the 
maintenance of an experimental system with the highest 
possible viability of the spirochetes during the challenge with 
phagocytes.
The increase in anti-MSP-positive macrophages occurred 
rapidly in both experimental conditions, as shown by IFA (Figs. 
3A, 3B). The difference between the results obtained under aero-
bic and anaerobic incubation was statistically significant when 
analyzed by Student’s t test (p < 0.001), with the uptake in aero-
bic conditions being more efficient. The association of T. denti-
cola cells with the macrophages was a rapid process under both 
aerobic and anaerobic conditions (Figs. 4C, 4D). This process 
might be saturable for the 50/1 ratio (Fig. 4D). In anaerobic con-
ditions, a decrease in spirochete number was observed after 40 
min by real-time PCR (Figs. 4A, 4C), but not by IFA (Fig. 3A).
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No living treponemes were detected, after 14 days of broth 
culture, in tubes inoculated with macrophage homogenates 
obtained at the end of the challenge with T. denticola, thus sug-
gesting the effective killing of phagocytized treponemes.
Opsonic Phagocytosis of T. denticola
T. denticola treated with anti-MSP antibodies increased the per-
centage of anti-MSP-positive macrophage cells significantly 
when compared with the number of positive macrophages 
obtained with non-opsonized treponemes for each individual 
time-point (p < 0.001). Real-time PCR confirmed (Fig. 4) the 
significant increase observed by IFA for both anaerobic (Fig. 3A) 
and aerobic (Fig. 3B) conditions. The Student’s t test showed that 
the difference in the uptake of opsonized treponemes in both 
atmospheric conditions was statistically significant (p = 0.05).
Phagocytosis of T. denticola Mutant strains
The observed number of positive macrophages when challenged 
with either mutant strain was greater than when challenged with 
the wild-type strain. The number of positive cells, as observed 
by IFA, increased rapidly (Figs. 3A, 3B) and plateaued after the 
one-hour time-point (data not shown) in both atmospheric con-
ditions. The real-time PCR analysis showed an increase of 
T. denticola cells associated with the macrophages up to the 
40-minute time-point, followed by a decrease, for both atmo-
spheric conditions (Figs. 4A, 4B).
Figure 1. Production of TNF-α by isolated murine peritoneal macro-
phages stimulated with 10 µg/mL of LPS, for up to 24 hrs, under anaer-
obic (●) and aerobic (▲) conditions of incubation. Production of TNF-α 
by isolated murine peritoneal macrophages in the absence of stimulus, 
under anaerobic (▼) and aerobic (♦) conditions of incubation. The data 
presented are from 3 independent experiments and are expressed as 
the means ± standard deviations (error bars) of 3 replicates.
Figure 2. Percentages of motile T. denticola cells in the cell culture 
supernatants after macrophage challenge as observed by dark-field 
microscopy (400x). Bars indicate the percentages of motile treponemes 
under anaerobic conditions (dotted bars) and under aerobic conditions 
(white bars). The data presented are from 3 independent experiments 
and are expressed as the means ± standard deviations (error bars) for 
each condition of incubation.
The differences among the percentages of T. denticola-positive 
phagocytes detected when the macrophages were challenged 
with either the non-motile mutant strain (flgE knock-out strain) 
or the filamentous mutant strain (cfpA knock-out strain) com-
pared with the wild-type strain were statistically significant in 
either incubation condition and at each time-point (Figs. 3, 4).
DIscussIOn
Periodontal diseases are widespread pathological conditions that 
affect millions of individuals worldwide. The dental biofilm is 
recognized as one of the major causes of interaction between 
several different bacteria and the host immune-response. The 
macrophages, together with the other cells responsible for the 
innate immunity playing a key role in the infection control, are 
affected by T. denticola (Rosen et al., 1999; Ruby et al., 2007; 
Magalhães et al., 2008). In this study, the in vitro capability of 
murine peritoneal macrophages to uptake and kill different 
strains of T. denticola was investigated.
For the first time, the interaction of T. denticola with phago-
cytic cells was evaluated in anaerobic conditions. We chose this 
particular experimental condition to mimic, as far as possible, 
the in vivo conditions of the periodontal pocket, where the level 
of oxygen is quite low, due to modification of gingival microcir-
culatory function and the anatomical position of the oral biofilm 
(Hanioka et al., 2000a,b; Loesche and Grossman, 2001). The 
isolated mouse macrophages survived under anaerobic condi-
tions, and maintained their responsive functionality to LPS for 
up to 24 hrs. It is a critical observation that enables us to study 
organisms that are sensitive to molecular oxygen, such as the 
treponemes and other anaerobes from oral or gut biofilms.
Once uptaken by macrophages, T. denticola were rapidly and 
effectively killed, within 1 hr, independently of the incubation 
condition. In contrast, the capability of macrophages to uptake 
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T. denticola was influenced by the incubation conditions. When 
challenge experiments were performed in the presence of atmo-
spheric oxygen concentrations, treponemes lost their motility 
over time. The number of macrophages showing T. denticola 
intake were greater than those detected in experiments per-
formed under anaerobic conditions. T. denticola loss of motility 
under reduced oxygen conditions was very low, and, conse-
quently, the challenge with macrophages was performed mostly 
with motile treponemes. These findings suggest that the capabil-
ity of macrophages to uptake T. denticola in vitro is greatly 
influenced by the mobility and cellular dimensions of the trepo-
nemes. Bacterial motility is likely the major factor influencing 
cell contact and spatial interaction between macrophages and 
treponemes in the context of cell sedimentation. In addition, 
these results suggest that the in vitro interaction between T. den-
ticola and macrophages resembles that of other spirochetes, like 
Leptospira interrogans and Borrelia burgdorferi, which are 
rapidly and efficiently taken up by macrophages, such as by 
Kupffer cells (Sambri et al., 1999). The proposed anaerobic 
experimental set-up contributes to a more accurate observation 
of treponemal behavior in the presence of macrophages.
For further investigation of the influence of motility on 
macrophage uptake, a mutant strain of T. denticola was used 
in identical conditions. The flgE non-motile mutant was 
uptaken more efficiently than the parental wild-type strain, 
independently of the incubation atmosphere. Treponemal 
motility is a major factor in escaping the uptake by isolated 
murine macrophages.
As expected, another factor that is likely to influence the 
capability of macrophages to internalize T. denticola is the
size of the individual 
bacterial cells. The 
phagocytosis of a T. 
denticola cytoplasmic 
filament mutant strain, 
which produces long 
cells associated with a 
filamentation pheno-
type (also leading to an 
altered motility), was 
very efficient.
When the surfaces of 
living cells are coated 
with specific antibodies, 
the uptake of T. dentic-
ola by isolated macro-
phages in vitro is greatly 
enhanced. The findings 
of this study confirmed 
that the opsonization 
could indeed increase 
the ingestion of wild-
type treponemes by 
macrophages, as pre-
viously suggested for 
T. pallidum (Alder et al., 
1990). The uptake rate increase was independent of the atmo-
spheric condition of the interaction between treponemes and 
phagocytes. In vivo, during an endodontic experimental infec-
tion model with T. denticola, a greater rate of dissemination 
from the oral cavity to different organs was observed in Rag1 
immunodeficient mice compared with the parental strain (Foschi 
et al., 2006). These results suggested that the immune response 
plays a major role in the control of T. denticola spreading from 
the endodontic site to different anatomical locations. The 
absence of antibody production against the infection, and the 
resulting absence of opsonization, might have influenced the 
outcome of the infection and related dissemination. In contrast, 
opsonization of the 2 mutant strains did not result in an increased 
uptake (data not shown), due to an extremely high level of 
uptake of the 2 mutant strains in the absence of opsonization.
Motility and size are capable of influencing the uptake of 
T. denticola by murine macrophage cells, in the in vitro system 
described in this report. Motility greatly facilitates the escape 
from local immune response, in addition to allowing tissue pen-
etration (Lux et al., 2001) and dissemination to multiple sites 
(Ehmke et al., 2004).
T. denticola could interact with phagocytic cells, in vivo, in 
two main locations: within the dental pocket and within the 
blood stream or in extra-oral tissues, after leaving the oral cav-
ity. Based on the results of this study, we can speculate that the 
presence of a specific antibody response in these sites of infec-
tion could greatly contribute to the clearance of the invading 
treponemes, thus prompting additional investigations devoted to 
the evaluation of specific antibody production during the course 
of T. denticola extra-oral infections.
Figure 3. Macrophage uptake of T. denticola wild-type and mutant strains analyzed by immunofluorescence in both 
anaerobic (Part A) and aerobic conditions (Part B). Over-time uptake by isolated peritoneal murine macrophages 
of the wild-type cells (white bars), of the wild-type cells opsonized with anti-major-surface-protein (MSP) antibodies 
(bars with horizontal stripes), of the non-motile mutant cells (grey bars), and of the filamentous mutant cells (black 
bars). The results are expressed as a percentage of macrophages positive for antibodies against MSP. The differ-
ences observed between the number of positive macrophages challenged by the wild-type strain and the opso-
nized wild-type strain (p < 0.0001), or the mutant strains (p < 0.0001 for either strain), are statistically significant 
for both anaerobic (Part A) and aerobic conditions (Part B). The results are representative of 3 independent experi-
ments, each done in triplicate, and are expressed as the means ± standard deviations (error bars) of 3 replicates.
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